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Abstract: Sun glint is often evident in remotely sensed imagery data of very high
spatial resolution that depict aquatic environment. The problem occurs when the
water surface is not flat and the sun radiation is directly reflected to the sensor af-
fecting the pixel brightness values. The state of water surface, sun position and
viewing angle are the main function parameters to estimate glint effect on the im-
ages. The removal of glint is compulsory since multispectral bathymetry and bot-
tom types mapping are affected unfavourably. In this paper two widely applied
methodologies were investigated towards correcting from sun glint effect optical
satellite images of very high spatial resolution. Particularly, the approaches pro-
posed by Lyzenga (1985) and Hedley et al. (2005) were applied on images ac-
quired by Ikonos-2 and Worldview-2. The experimental results indicated the effec-
tiveness of both methods in correcting glint contaminated imagery datasets.

1. Introduction

Remotely sensed imagery data have been considered as a cost- and time-effective
solution to accurate surveys over water areas during the last years, i.e. bathymetric
measurements (Lyzenga, 1985; Stumpf et al., 2003; Goodman et al., 2008; Su et
al., 2008) and benthic habitat mapping (Capolsini et al., 2003; Hochberg et al.,
2003). The implementation and the accuracy of these image processes are often
impeded by the appearance of glint on the images. The combination of atmospheric
and water surface conditions with the solar and view angle during image acquisi-
tion is responsible for sun glint effect (Goodman et al., 2008; Lyzenga, 2006; Ho-
chberg et al., 2003). Hedley et al. (2005) defined glint as the specular reflection of
sunlight from aquatic area into the sensor filed of view.

Kay et al. (2009) proposed that a direct and efficient way to avoid glint is by select-
ing the proper time and place of image acquisition. Many satellite instruments (i.e.
SeaWiFS, OCTS and CZCS) can tilt 20° from nadir to minimize sun glint. How-
ever there are instruments that do not have the tilting capability and so the glint
avoidance is not possible. This also stands for high resolution sensors that are pri-
marily used for land observation and the avoidance of sea areas glint is neglected.

Thus, a variety of methodologies have been developed and implemented to date
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towards correcting glint from remotely sensed data, i.e. hybrid airborne sensor data
(Lyzenga, 1985), satellite images of high resolution (Hochberg et al., 2003; Hedley
et al., 2005) and hyperspectral imagery data (Goodman et al., 2008). Kay et al.
(2009) provided a thorough review of current glint correction techniques. The
available methods can be grouped in two main categories depending on the area of
application, i.e. open ocean and shallow waters. The imagery data for open ocean
applications have spatial resolution on the scale of 100—1000 m. The glint estima-
tion in this case is based on the wind speed and direction that affect the sea surface
slope and cause glint (Cox and Munk, 1954; Wang and Bailey, 2001). The imple-
mentations outcomes are constrained by glint contamination with the greatest er-
rors to be in image areas with the brightest glint pixels. Methods of second cate-
gory employ imagery data of high spatial resolution (<10m) acquired over shallow
coastal environments. The main assumption in this case is that the water leaving
radiance in the near-infrared (NIR) should approach zero; hence, any NIR signal
remaining after atmospheric correction must be due to sun glint. The estimated
glint value and the pixel values of visible bands are then used to form the function
for glint correction.

The aim of this paper was to evaluate the two widely applied methodologies pro-
posed by Lyzenga (1985) and Hedley et al. (2005) towards correcting sun glint
from imagery data with high spectral and spatial resolution. In particular the multi-
plicity of the Worldview-2 bands was investigated concerning the optimum band
combination for sun glint removal. The processing outcomes were compared with
the corresponding results of an Ikonos-2 image (Mavridou, 2012) that depicted the
same study area.

2. Sun glint correction algorithms for high resolution images

There are several methods for glint removal from high resolution satellite images
(Lyzenga, 1985; Hedley et al. 2005, Goodman et al. 2008; Kutser et al., 2009). In
this paper, the widely applied algorithms of Lyzenga and the Hedley et al. are de-
scribed and implemented. Both selected algorithms are applied through carefully
selected samples of image pixels. The effectiveness of the methods relies on the
appropriate choice of the pixel samples from an image region that is relatively
dark, reasonably deep and with evident glint (Hedley et al., 2005; Edwards, 2010a).

2.1 The Lyzenga algorithm

The analysis of glint correction from multispectral images depicting swallow wa-
ters was introduced by Lyzenga (1985). According to his approach, sun glint is
estimated by employing the covariance of visible band that was used for depth
processing and near-infrared band. Considering that the high absorption of water at
NIR band radiation should result to pixel brightness value close to zero, higher
pixel values should imply atmospheric haze or glint effect.
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The function for glint estimation dR, ignoring the atmospheric effect, is:

GVlS,NlR
des =7 (RN]R _MeanNIR) (D
GNIR
where VIS= visible band, NIR= infrared band, &, . is the covariance coefficient

of visible and infrared band, o> is the variance coefficient of infrared band,

NIR
Rz is the pixel value in NIR band and Mean,, is the average of a deep-water

is then calculated by

sample of pixels in NIR band. The corrected pixel value R,

subtracting the ‘glint quantity’ (Eq.1) from the visible glinted band R
R'VIS =Ry —dR )

Combining equations (1) and (2) the corrected pixel value can be written

Ry =Ry — (R —Mean ;) 3)
. . GVIS NIR
where r is the ratio ——
GNIR

The proposed procedure demonstrated efficient results in case of images with a
significant evidence of glint (Lyzenga, 1985). The Equation (3) can be also utilized
for the correction of other atmospheric effects by estimating the corresponding
variation coefficients (Eq.1). Nevertheless, the correction outcome is uncertain and
inaccurate when both glint and other atmospheric effects are apparent on an image
(Lyzenga, 2006).

2.2 The Hedley et al. algorithm

Hochberg et al. (2003) proposed a simple and innovative method employing a
physical atmospheric model for glint removal in swallow waters. The initial con-
sideration was the same with the one of Lyzenga (1985) that the radiance is highly
absorbed by water at NIR band and so the pixel brightness value should tend to
zero. This condition is not fulfilled due to glint appearance; in these cases the pixel
values of NIR band determines the spatial variation of glint f,(x,)) for the pixel at
(xx,y) spatial position. The f,(x,y) assessment is realized by scaling NIR band to the
range zero to one. Zero corresponds to minimum pixel value (darkest pixel) and
one to maximum pixel value (brightest pixel). The second consideration is that the
refractive index is independent of wavelength; hence the brightness value of glint
pixels fy(x,y) is equal for visible and infrared bands. The deglinted visible bands
were resulted by subtracting the quantity f,(x,y) from the glinted pixel values.

Refining the approach of Hochberg et al. (2003), Hedley et al. (2005) introduced a
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more simplified and robust methodology. The new suggestion was the use of one
or more samples of image pixels rather than only two pixels, i.e. the brightest and
the darkest one. The image processing for glint correction involves a linear regres-
sion analysis between the sample pixels of every visible band (y-axis) and the cor-
responding pixels of NIR band (x-axis) (Figure 1).

The image pixels are corrected according to the following equation:

R'i =R, =b;(Ryr —Minyy) 4

where R'i = the corrected pixel value, R; = the initial pixel value, b;= the regression

line slope, Rnr = the corresponding pixel value in NIR band and Minygr = the
minimum NIR value existing in the sample. In Equation (3), the relative pixel val-
ues are employed; hence the estimation of the radiance values (absolute) is not re-
quired.
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Figure 1. The regression analysis diagram between a visible and NIR brightness values.
The pixels with no glint are homogeneous and close to the regression line. Ac-
cording to Hedley et al. (2005), the other pixels are corrected by estimating the
slope of the regression and the minimum NIR brightness value of a sample.

This method is usually applied after atmospheric correction, but if the atmospheric
conditions are considered uniform all over the study area it can be used at first.

From the comparison of Equation (3) and Equation (4) it is apparent that the two
methods are similar. Their difference is that Lyzenga uses the mean value of NIR
band while Hedley et al. use the minimum value (Kay et. al, 2009).

3. Imagery data and Study area

The efficiency of the glint correction algorithms were examined utilizing imagery
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data of high spatial and spectral resolution. In particular the one dataset included
the eight (8) bands of Worldview-2 multispectral image with spatial resolution of 2
m and acquisition date the 16™ of June 2010. In addition the four (4) bands of Iko-
nos-2 multispectral image with spatial resolution of 1m and acquisition date the 1%
of September 2007 involved in this study. The available data were geo-referenced
to UTM (zone 34) system and WGS84.

The images depicted the coastal area of Nea Michaniona, Thessaloniki, in the
northern part of Greece. There is a smooth variance of water depth in the study area
and the water is clear. The shallower parts are covered with dense sea grass while
the deeper ones are sandy. Despite the water clarity, the sun glint was sparsely evi-
dent in a great part of image scenes affecting the image quality and constraining the
implementation of bathymetry applications (e.g. Doxani et al., 2012) as well as
applications of bottom types mapping. The study area is presented in Figure 2 as it
is depicted by Worldview-2 satellite.

From now on, the 8 bands of the Worldview-2 image will be symbolized as: band 1
(coastal), 2 (blue), 3 (green), 4 (yellow), 5 (red), 6 (red-edge), NR1 (first near-
infrared) and NIR2 (second near-infrared) as well as the 4 bands of the Ikonos-2
image will be symbolized as: band 1 (blue), 2 (green), 3 (red), and 4 (near-
infrared)

Figure 2. The Worldview-2 image of the study area (R:4,G:3,B:2). The glint effect is
evident over the water area.
4. Glint correction process and results assessment

For the implementation of the proposed methodologies by Lyzenga (1985) and
Hedley et al. (2005) three image samples with size 50x50 pixels were carefully

Sun glint correction of very high spatial resolution images | 333



selected from glinted areas at different locations on the images of each dataset, i.e.
Ikonos-2 and Worldview-2.

The two methodologies as described in §2 are proper for the study area since the
water is clear, not very shallow (depth >=3 m) and vegetation in sea grass area
does not reach the water surface. Both of them were applied before the atmospheric
correction of the images.

The critical at this step of the procedure concerning the Worldview-2 image was
the definition of the optimum band combination of NIR (two bands) and visible
(six bands) bands that would be involved in the calculation. For this reason the
relationship between each visible band with both NIR bands was examined trough
scatter plots of visible bands versus NIR1 or NIR2 (Fig. 3). These graphs demon-
strated that there was a significant linear relationship among the ‘new’ bands, i.e.
band 1, band 4 and band 6 with the NIR2, and among the ‘traditional’ bands, band
2, band 3 and band 5 with the NIR1. This actually happens because the two groups
of bands come from two separate sensors. Therefore the glint removal process was
twofold in this case, one for each set of Worldview-2 bands. This grouping stood
for the implementation of both glint correction methods.

Coastal vs NIR1 Coastal vs NIR2
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Figure 3. Scatter plots between visible bands and NIRs. Suggestively the linear relation-
ship between the ‘new’ Band 1 vs NIR2, and the ‘traditional’ Band 5 vs NIRI
are depicted. The blue lines depict the models best fitted to the data.

The required statistics parameters to implement Lyzenga’s (1985) sun glint correc-
tion methodology (Equation 2) are presented in Table 1. The resulted images are
depicted in Figures 4 and 5.
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Table 1. The parameters values used for the Lyzenga method implementation

Ikonos-2 Worldview-2
Band 4 Band 7 Band 8
Meanyr 5.495 22.634 14.072
G 1.25 4.659 2.024

NIR

Band 1 | Band 2 | Band 3| Band 2 | Band 3 |Band 5/Band 1|Band 4(Band 6
Oysnmr | 1.148 1.322 | 1.467 | 6.553 7.849 | 6.468 | 2.947 | 4956 | 3.447

In order to implement the methodology of Hedley et al. (2005) on the ‘glint’ image
bands the regression slope was defined for every band combination and the Equa-
tion (4) was used to determine the corrected pixel values. The estimated parameters
of linear regressions between the visible bands and the corresponding NIR band
are presented in Table 2. As seen in Table 2, the values of the determination coeffi-
cients R? (Lafazani, 2004) are statistically significant and indicate a correct calcu-
lation of slope b; (§2.2). The resulted images are presented in Figures 4 and 5.

Table 2. The results of the linear regressions between the visible bands and the corre-
sponding NIR band in each case study. The slopes b; of regression lines and the
corresponding coefficients of determination R? are given.

Ikonos-2 Worldview-2

Band 4 Band 7 Band 8
Band 1 |Band 2 | Band 3 | Band 2 | Band 3 | Band 5| Band 1 | Band 4 (Band 6
Slope b;| 0.687 | 0.983 0.81 1.16 1.34 1.40 1.46 2.07 1.32
R’ 0.83 0.92 0.93 0.75 0.82 0.90 0.80 0.76 0.64

A certain way to evaluate the results of a glint correction methodology is to track
the performance of the corrected images in a bathymetry application or a bottom
type classification of the corrected area. Acceptable results in these two cases im-
ply satisfactory removal of glint. A more simple and conventional way to assess the
glint removal relies on optical observation of the corrected images as well as on
profiles of the visible bands along lines carefully selected on proper areas of the
image (Fig. 4ai, 5ai). Finally, the tracking of spectral profiles of pixels with glint
and pixels without glint is indicative of a sufficient glint removal (Fig. 6).

The corrected bands of the Worldview-2 image as resulted after the implemen-
tation of sun glint correction methodologies are presented in Figure 4. Both out-
comes were sufficiently improved even in the cases of very bright pixels, i.e. great
glint contamination, as it can be seen on the visual representations (Fig. 4bi, Fig.
4ci) which are optically similar. For a more detailed assessment of the methods’
results, the profiles of the bands of the original and the corrected images along the
line depicted in red in Fig. 4, were constructed. The corrected profiles are smoother
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and show that sufficient amount of glint has been removed. Furthermore, the Hed-
ley et al. algorithm seems to keep the original relations among bands (Fig. 4cii)
while the Lyzenga method causes concurrence of band 1 and band 2 (Fig. 4bii).
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Figure 4. The implementation outcomes of the glint correction methodologies. The images

are presented in column (i): (a) the Worldview-2 image with the glint effect to
be apparent over the water area, the corrected images by the methods of (b)
Lyzenga (1985) and (c) Hedley et al. (2005). In column (ii): the spatial profile of
the red line in (a)(i) indicates the values of pixels with and without glint of (a)
the Worldview-2 image bands and (b),(c) the corrected image bands.
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Figure 5. The implementation outcomes of the glint correction methodologies. The images

are presented in column (i): (a) the Ikonos-2 image with the glint effect to be

apparent over the water area, the corrected images by the methods of (b)

Lyzenga (1985) and (c) Hedley et al. (2005). In column (ii): the spatial profile of

the red line in (a)(i) indicates the values of pixels with and without glint of (a)
the Worldview-2 image bands and (b),(c) the corrected image bands.
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The corrected bands of the Ikonos-2 image as resulted after the implementation of
sun glint correction methodologies are presented in Figure 5. For this image also,
the outcomes were sufficiently improved even in the cases of very bright pixels.
Furthermore, the resulted images (Fig. 5bi, 5ci) are optically similar. Again for a
detailed assessment of the glint removal the profiles of the original and corrected
bands were constructed. The corrected profiles are much smoother than the origi-
nals and show that significant amount of glint has been removed. In case of Ikonos-
2, both algorithms seem to keep the relations among bands (Fig. 5bii, 5cii) after the

glint correction.
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Figure 6. The spectral profile of a pixel with glint (green line) and a pixel with no glint
(red line) in the: a) initial images with glint, b) corrected images by Lyzenga
(1985) and c) corrected images by Hedley et al. (2005).
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Along with the previous, the spectral profiles of a pixel with glint and of a pixel
without glint were constructed for each image set (original and corrected bands)
(Fig. 6). According to these profiles the Lyzenga algorithm yield a better result for
the Ikonos-2 set since the spectral profile of the corrected pixel was almost identi-
cal with the one with no glint. On the other hand the Hedley et al. algorithm pro-
duced good results for both Ikonos-2 and Worldview-2 images. In this case the
profiles of contaminated and corrected pixels are almost identical in both sets.

5. Conclusions

In this paper, two widely applied algorithms for sun glint correction were tested on
two high resolution multispectral image sets i.e. Ikonos-2 and Worldview-2. Ac-
cording to the theoretical description (§2.1, 2.2) the two algorithms are based on
similar hypothesis, something that is also verified through the optical observation
of the corrected images and the illustration of the profiles behavior.

According to the form of the profiles, the Ikonos-2 set responses better to the ap-
plication of both methodologies. On the other hand in the case of Worldview-2, the
Lyzenga methodology causes concurrence of band 1 and band 2. This could affect
the depth calculation or the benthos observation unfavorably. In general the out-
comes of the above investigation indicated that the Hedley et. al. approach pro-
duced improved results on both high resolution multispectral sets.
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